potential for, and the effective two-body interaction between, the nucleons considered in the model. With these two "physics" el ements of the problem determined, the next step is to carry out the "computational" jobs of constructing the resultant Hamiltonian matrices for the chosen energy operator in the chosen space, of diagonalizing these matrices to ob tain eigenvalues and eigenfunctions, and finally, of calculating overlaps of these wave functions. Modern calculations typically are designed to incorporate as many single-nucleon orb its and corresponding "b asis states" as com putational cons traints permit. Even so, many more singl e-nucleon orbits that may have direct and appreciable effects upon some aspects of the nuclear phenomena of interest must inevitably be truncated from any practical active model space. Hence, results of cal culations within the active model space must ultimately be "renormalized" for the effects of excluded configurations in order to yield final agreement with experiment. Renormalizations of the results ob tained in the active model space can be cal cul ated from fundamental considerations of neglected configurations and particle degrees of freedom or from macroscopic, heuristic models.
Modern, large-basis shell -model calculations are progressing in several dimensions: (a) better methods and models to predict which of the basis states are most important, so that th e reach of the active space can be extended without proportional expansion of dimensionalities ; (b) improved mathematical and computational techniques for projecting angular mo mentum and setting up and diagonalizing large matrices; (c) use of less restrictive, but more discriminating and realis tic, assumptions about the effective nucl eon-nucleon interaction; and (d) theoretical and empirical el ucidation of the effects of excluded configurations. These devel opments are proceeding in parallel with the use of computers that are faster and have larger memories. Advances on these fronts rel y on the con tributions of many groups working with several different approaches on several different regions of nuclei.
In this review we concentrate on recent results ob tained for the sd-shell nuclei. Earlier work in the sd shell has been reviewed elsewhere (8, 9) . We briefly summarize work being carried out in other mass regions. All of the sd-s hell results presented here produce and use wave functions char acteri zed by good isospin quantum numbers. Experimental binding ener gies are considered as relative to the 160 cl osed-shell configuration. Cou lomb energy contributions to the experimental binding energies of the ground states are subtracted in an approximate manner (10) , and differ ences in excitation energies of mirror states are averaged or ignored. Recently, charge-dependent and charge-asymmetric interactions have been added to the isospin-conserving interaction discussed below in order to study analogue displacement energies (11), isospin-mixing corrections to Fermi de cays (12) , and isospin-forbidden proton and neu tron de cays (13) , for the sd-shell nu clei.
Issues associated with choosing or de termining model spaces and effec tive Hamiltonians are discussed in Se ction 2, along with some rep resentative results for energies and single-nucleon sp ectroscopic factors. Correspondences between the magnitudes of experimental and theoretical Gamow-Teller (GT) and magnetic dipole (Ml) matrix elements are dis cu ssed in Se ction 3. Because of their relative simplicity and selectivity, the GT and M 1 operators provide some of the clearest information about the correctness of the model-space wave functions and about the effects that arise from configurations excluded from the active sp ace. Observables for less simp le op erators are discussed in subsequent se ctions, matrix elements of the electric quadrupole (E2) ope rator in Se ction 4, and higher-multipole matrix elements and electron scatte ring form factors in Se ction 5. Shell model stu die s in other mass regions are discu sse d in Se ction 6 and prospects and problems for the fu ture in Se ction 7.
MODEL SPACES AND EFFECTIVE

HAMILTONIANS
Current shell-model stu die s of A = 17-39 nu clei are characterized by sys tematic use, for all states of all nuclei in the region and from initial conception through final analysis of the results, of the complete set of basis states that can be ge ne rated from the three orbits of the Od, I s oscillator shell. In this regard they differ from earlier studies of these nu clei (8, 9) , in which truncations within the sd-shell space significantly affe cted the results, either explicitly or implicitly. In this same regard, they differ even more from studies of heavier nuclei, in which untruncated sp aces for a full oscillator shell can be utilized for, at most, only a few, few-active-particle nu clei. For these he avier nu clei, the problem of defining a model space that adequately de scribes the phe nomena of interest in a nu cleus is a major problem by itself, and the additional problem of defining a space that can describe a range of several nuclei with internal consistency is even more daunting. Theoretical techniques and computer te chnology have evol ved to the level that sd-shell stu dies can use the untru ncated sd-shell space uniforml y. Hence, these studies offe r a view of the inherent powers of the shell model when intrashell truncation problems are eliminated, and attention can be focused solely upon the issue of the effective interaction. In this regard, the sd-shell studies follow in the footsteps of pioneering work in the Op shell (14) .
Although there are only 24 active m states (i.e. the states specified by the set of single-particle quantum numbers n, I, j, j" and tz) in the Is l / r Ods/ 2 -Od3/ 2 model sp ace, the full-basis dimensions for many-particle states can become quite large; for 28 Si the 12-p article state with M = 0 for the sum of the jz quantum numbers and Tz = 0 for the sum of the tz quantum numbers has dimension 93,710 in the m scheme, and in the J-T scheme the l2-p article J = 3, T = 1 configuration has dimension 6706. These dimensions are practical, if not trivial, for current computation facilities. The computer times required to deal with such cases correspond roughly to the order of a V AX-780 day or a Cray hour. For such large matrix dimensions it is essential to use the Lanczos algorithm to obtain the eigenfunctions (15) . Many of the large full-basis calculations for sd-shell nuclei were fi rst carried out with the Glasgow m-scheme code in which Lanczos diagonalization was pioneered (15) . The calculations presented here are obtained principally with the Michigan State University version of the Rochester-Oak Ridge code, which works in sp aces of specified J and T and also employs Lanczos diagonalization (10, 16) . In a sp herical shell-model basis the energies of large-dimensioned sd shell states converge slowly with increasing numbers of configurations. This is illustrated in Figure 1 , which shows the binding energies of the 2 8 Si sp ectrum for the (ds/2)' 2 (s'/2)O(d3/2)O "closed-subshell" configuration (exci tation order 0) and for a succession of configuration sp aces corresponding to increasing numbers of excitations from the dS/2 to the SI/2 and d3/ 2 orbitals (excitation order I to 12). The same interaction (the W interaction discussed below) has been used for each calculation. The ground-state m scheme dimension (i.e. the total number of states in each sp ectrum) is also given, and the low-lying (T = 0) states are labeled by their J values. In 
...Q. .. Together with specification of the model space, the other primary prob lem of shell-model calculations is specification of the appropriate effective Hamiltonian operator. Ideally, this coul d be specifi ed directly by con sidering experimental nucleon-nucleon scattering data and fundamental theoretical ideas. The free-space nucleon-nucleon interaction would, of course, have to be modified for the effects of excluded configurations if it were to be used in finite model spaces. Much progress has been made in formally deriving such "theoretical" effective interactions from first principles, and they have been qualitatively successful in reproducing nuclear properties (e.g. 18, 19) .
For example, a calculation of an sd-shell effective interaction based upon a G-matrix treatment of the nucleon-nucleon data pl us core polarization corrections for the effects of excluded configurations has been qualitatively successful in describing the experimental energy level spectra, especially for A = 18-21 (e.g. [19] [20] [21] . However, there are shortcomings to this micro scopic, "no-parameter, " approach (9) . As an example, we show in Figure   2 the spectrum of 22 Na based upon the original renormalized G-matrix of Kuo (RK) (21) and the more recent results obtained from the Paris poten tial and a folded-diagram approach for the core polarization corrections (SKSP4) (19) . Such discrepancies between experiment and thi s cl ass of
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�I: theoretical results become progressively greater with increasing numbers of active particles because of the nonlinear dependence of the eigenvalues upon the two-body matrix elements.
As an alternative to the direct theoretical calculation of the effective shell-model interaction, phenomenological and empirical considerations can be applied to parameterize an interaction that yields a cl oser corre spondence to experiment. There are many ways of making such a param eterization, ranging from those that depend strongly on a model for the interaction to those that are essentially independent of any such assump tions. The choice of a delta-function interaction is an example of the former cl ass, and the use of the two-body matrix elements th emselves as parameters is an example of the latter. It is difficult to judge the relative efficacy of the diverse parameterization methods used in the literature because they typically have been used in isolation from one another and have been applied in different model spaces to different ranges of nuclei. Despite these uncertainties, the model wave functions used most exten sively (and successfully) for the analysis of experimental data are generated from empirical parameterizations of the effective interaction (e.g. 8, 9) . As described bel ow, wi th a phenomenological approach it is possible to obtain much improved spectra for 22Na as well as other sd-shell nuclei.
1 Model-Independent Effective HamiltoniansThe W Interaction fo r sd-Shell Nuclei
The essence of the "model-independent" approach is to treat the two body matrix elements and single-particle energies as parameters in a least squares fit to experimental binding energies and excitation energies. This technique has been applied to the sd shell. Since there are 63 two-body matrix elements for the sd shell, fixing all parameters of the Hamiltonian in this way is a nontri vial task. However, a sustained and systematic attack on the problem has yielded a unified effective interaction for all sd-shell nuclei, ob tained in a fit to 447 binding and excitation energies of sd-shell states (mostly states with model dimensions less than about 1000), which yielded an rms deviation of 185 keY (22) . (Most states with large dimen sions were omitted from the iterative fit cal cul ations in order to save computer time. Sub sequent calculations for these cases with the final fitted interaction yielded energies in comparably good or better agreement with experiment; see Figure 3 .) The working parameters of this fit were actually the 47 best-determined linear combinations of two-body matrix elements. The 19 least -well-determined linear combinations were fixed to correspond to values of Kuo's matrix elements (21) . We refer to the two-body matrix el ements ob tained from this fit as the W interaction.
Over the mass region A = 16-40 one should expect some variation in the values of the two-body matrix elements. For example, with a delta function interaction and harmonic oscillator radial wave functions with hw = 41A�I/3 MeV, one would obtain a mass dependence proportional to A ··1/2 for the two-body matrix elements. The W interaction includes a mass dependence of the form <V)(A) = < V)(A = 18)(A/18)�o.3, where the power -0.3 was imposed upon the least-squares fit. The (V)(A= 18) matrix elements of the W interaction are given in (22, 23) . The introduction of this mass dependence for the W interaction was the key ingredient that made possible its improved accounting for sd-shell phenomena relative to that obtained in the immediately preceding work of Chung (10) . Under the assumption of mass-independent two-body matrix elements, Chung & Wilden thai required two different sets of two-body matrix elements, one for the A = 17-28 region and one for the A = 28-39 region.
The T = 0 spectrum of 22Na obtained with the W interaction as shown in Figure 2 is much improved compared to the results obtained with the renormalized G-matrix. SpeCtra for 27AI, 28Si, and 29Si calculated with the W interaction are shown in comparison with experiment in Figure 3 . agreement between experiment and theory. The slopes of the lines are typical of the 185-keV rms deviation obtained in the least-squares fit described above, although most of the levels shown here were not included in the iterative fit because of their large dimensions.
A complete examination of all sd-shell nuclei in comparison with exci tation energies predicted with the W interaction shows that the quality of agreement shown in Figures 2 and 3 is typical for all A = 21-35 nuclei. (For A = 18-20 and 36-38, the sd-shell ieveis are fewer and the role of intruder configurations from the adjacent major shell is more im portant in the experimental spectra, thus lessening the quality of the overall cor respondence between theory and experiment.) Beyond just this agreement in excitation energy for pairs of low-lying levels, further an alysis (24) of recent experim ental results (25) (26) (27) shows that the degrees of freedom of the sd-shell configurations, as guided by the W interaction, produce detailed agreement with experimental en ergies an d spins for positive-parity levels on a one-to-one basis up through 6 or 7 MeV for nuclei from A = 23- Extensive experimental studies are expanding our knowledge of the masses and excited-state energies of neutron-rich nuclei in the sd shell con siderably beyond the situation indicated in Figure 4 (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) . These studies further verify the predictions of the W interaction for these unusual NjZ ratios except, again, for the A = 30 -32 Na and Mg isotopes. For these nuclei, the new data seem to confi rm the earlier suspicion that sd shell degrees of freedom do not describe the ground and low-lying excited states of these systems.
Spectroscopic factors obtained in single-nucleon transfer experiments provide simple and im portant tests of shell-model wave functions since they can be related to the integral and differential occupations of the individual single-particle orbits. The predictions of the W interaction for predicted and observed relative strengths. Even in these cases, the sum of the observed strengths for each doublet is correctly predicted. The depth and breadth of the agreement between experimental data for A = 18-38 states and the corresponding predictions of the W interaction for energies and spectroscopic factors strongly suggest that the physical states are dominated by Is and Od degrees of freedom and that the model wave functions incorporate these degrees of freedom in at least roughly the correct fashion. Thus it is appropriate to subject these wave functions to further scrutiny via comparisons with other types of experimental observabl es. The general cl ass of experimental observables that are exam- ined in Sections 3 and 4 correspond to one-body operators. Theoretically, the model wave functions are used to ev aluate matrix elements of annihil ation and creation operators for the single-nucleon orbits j coupled to specific ranks of isospin AT and angular momentum AJ. Different aspects of the wave functions are sampled as a function of the coefficients of the various components of the operators.
Potential Models fo r Effective Shell-Model Interactions
While the model-independent W interaction appears to be very successful for app lications to sd-shell nuclei, its implications for shell-model studies in other mass regions, or for questions about the general nature of the effective interaction, are not transparent. Moreover, while the same model independent approach can be used for heavier nuclei, the ratio of pa rameters to data worsens rapidly for the corresponding model sp aces. Hence, the long-standing desire for procedures to link groups of two-body matrix elements together via a fundamental or an ad hoc relationship, or to eliminate som e of them from the variation procedure altogether, rem ains a primary goal. A fundamental technique in work with effective interactions is the trans formation of the jj-coupled two-body matrix elements (TBME) into an LS-coupled representation (23, 46) , in which the various components of the interaction (central, spin-orbit, tensor, and antisymmetric-spin-orbit) can be separated explicitly (23, 47) . This is a unique transformation, and it makes no assumptions about the interaction other than the fundamental one that it is based on a two-body operator. If the effective interaction is derivable from an isospin-conserving potential that depends only on the relative and center-of-m ass coordinates between two nucleons in the nucleus, then the antisymmetric spin-orbit (ALS) component must vanish. Several investigations of the ALS component have been carried out (23, 46, (48) (49) (50) (51) . For the W interaction it was found that the ALS component is not very important; setting this component to zero increased the rms deviation very little, from 185 to 215 keY (23) .
Any attempt to lim it the number of parameters defi ning the effective two-body interaction makes some assumptions, either implicit or explicit, concerning the parts of the interaction that are not varied. For example, some components eQuId simply be set to zero, as just described for the ALS component. This treatment could also be applied to the spin-orbit and the tensor components, although with greater impact on the calculated results. In each case there would, of course, be a reduction in the number of free parameters remaining to vary in a fi t to the data. As an alternative to setting these matrix elements to zero, they could, for example, be set equal to G-matrix values. Both of these possibilities have been explored (23) in attempts to find the minimal number of parameters necessary to fit the experimental spectra.
As yet another approach to reducing the number of parameters neces sary to specify the effective interaction, and as a means of providing a basis for extrapolating from the sd-shell to other mass regions, a potential, such as the one-boson-exchange potential (OBEP) , can be defined for each component, with the various strengths and ranges adjusted to best fit the data. The strengths and ranges from su ch a fit can be compared to those obtained from fitting these same potential parameters to a G-matrix derived from nucleon-nucl eon scattering potentials (52). Further el ab orations can be added to the OBEP parameterization, such as density dependence and mul tipole-multipole terms. Each such el aboration would be motivated by the need to compensate for the effects of excluded con figurations and the nuclear medium.
With such an approach, a 14-parameter, density-dependent OBEP has been determ ined that can reproduce the 447-element data set that deter mined the W interaction with an rm s deviation of about 260 ke V (23) . The spectrum of 22 Na calculated with this interaction (SDPOT A) is shown in It is interesting to compare the LS-coupled two-body matrix el ements for the various sd-shell interactions discussed above. These matrix el ements (23, 46 ) are shown in Figure 5 broken down into their central (C), spin-orbit (LS) , tensor (T) , and antisymmetric spin-orbit (ALS) com pone n ts. It is interesting to see that all of these interactions appear to be qualitatively very simil ar. However, the relatively small differences between them are responsible for the dramatic differences in the qu antitative descrip tion of the nu clear energy level s discussed above.
GAM OW-TELLER AND MAGNETIC DIPOLE MATRIX ELEMENTS
Measurements of magnetic moments, magnetic dipole (Ml) gamma-decay transition rates, and Gamow-Teller (GT) beta-decay strengths provide rel atively cl ear information about the structure of nu cl ear wave functions because the associated operators are simple and selective, coupling onl y a few singl e-nucleon orbits to each other. In addition, these operators do not couple to the first-order admixtures of "excluded" configurations into the "active" space, so that experimental values principally reflect the active space, corrected by second-order effects. In this section, comparisons of experimental values and predictions based on the W interaction are The labels corresponding to the matrix element numbers along the x axis are the quantum numbers laMe/d' LL', SS', and T in the LS-couplcd matrix element </a/h LS JT1 Vllcld L'S' JT) where J is the maximum allowed by the vector coupling of L to S and L' to S'.
BRO� & �LDENTHAL reviewed with the dual goals of critiquing the model-space wave functions and characterizing the second-order corrections corresponding to excluded configurations. Essentially the entire body of available MI and GT data on sd-shell states has recently been compared with predictions of the W interaction (54-59). As exampl es here, we review results for cases in which the exper im ental data are accurate to 10% or better in the corresponding matrix elements. Com parisons between experiment and theory are presented in the form of scatter plots, in which the points correspond to a moment or a transition. The y coordinate of a pl otted entry shows the experimentally determined value of the matrix element, and the x coordinate shows the corresponding theoretical value. Two different sets of theoretical values are shown for each set of observables, one obtained with the "free-nucl eon" operator for the process in question (left panel) and the other based upon an "effective" operator (right panel). In these plots, agreement between experiment and theory thus corresponds to points ly ing on or about the 45° line.
Free-Nucleon and Effective Operators
The "free-nucleon" MI and GT operators use, respectively, the electro magnetic and weak properties of free neutrons and protons as the coeffi cients of the spin, s, and orbital 1 angular momentum operators. Op(GT, free) = IgA/gvls and Op(MI , free) = gs s+g[l, where IgA/gvl = 1. 251 and gs and g[ are the spin and orbital g factors for free nucleons. Combin ing these operator parameterizations with the wave functions of the active model space obviously leaves no provision for the effects of excluded confi gurations. The "effective" operators are formulated to allow for expression of such effects.
The effective MI and GT operators for a single-particle wave function can be expressed in terms of corrections involving the three general types of rank-one operators s, I, and p, where p = (8n)1(2[Y2)®s](l). We express our results in terms of the � parameters defined by the effective op erator Op(x, effective) = Op(x, free)+gx[�s(x)s+�lx)I+c:5p(x)p], where gx = I g A /gvl for x = GT and gx = gs for x = Ml. The Ml operator consists of both isoscalar (ISM 1) and isovector (I VM I) parts, and the parameters associated with the ISMI part can be expressed in terms of the spin expectation value parameters, c:5(ISM1) = 0.423 c:5(IS) (see 54, 58 for more details). In principle, one should introduce effective many -body operators for the many-body wave functions of A = 18-38, but em pirical analysis indicates there is little need for them. 
Gamow-Teller Results
The relationships between experimental GT matrix elements from sd-shell beta decays and the predictions of the W interaction have been studied comprehensively in (57). This study incorporated a compilation of extant beta decay in A = 17-39 nuclei together with shell-model cal culations for all the initial and final states concerned. The essential conclusions drawn in (57) can be inferred from the comparisons of experimental and theoretical matrix elements presented in Figure 6 . The values of the matrix elements are normalized to reflect the 3(N -Z) sum rul e, such that R(GT) = M(GT)/W, where
is the GT transition probability (which depends on the transition direction). M(GT) is the GT reduced matrix element (which is independent of the transition direction). It is evident from inspection of the left side of Figure 6 that the exper imental values of GT matrix el ements in the sd shell are systematically smaller than the predictions of the W-interaction wave functions coupled with the free-nucleon operator, by a factor of about 0.77 (indicated by the lower line on the left side of Figure 6 ). The same wave functions combined with the effective operator account for most of the data extremely well. The essential feature of the correction is a quenching of the strength of the spin operator represented by a large, negative value of bs• Some of the remaining deviations between experiment and theory can be attributed to incorrect predictions of the mixing of configurations between cl ose-l ying final states. This feature can be suppressed in the comparison by summing the strengths originating from a single initial state over several final states, as shown by the comparison of T(GT) in Figure 7 , where T(GT) = [Lf R(GT?]'/2. The size of T(GT) is determined mainl y by how much of the 3(N -Z) sum rule lies inside the beta-decay Q-value window. For two cases, 18Ne -> 18F and 19Ne -> 19F, the sum rul e is nearly exhausted by a singl e final state, while in others only a very small fraction is found.
These results, obtained from standard beta-decay data on mostly near stable nuclei, suggest a major and systematic effect. The possible uni versal ity of this effect can be studied by expanding the scope of com parisons to new regions of nucl ei, new Z/N ratios, and larger ranges of excitation energy. Within the sd shell, considerabl e work is being done along these lines by measuring far-from-stable nuclei and studying higher ranges of excitation energy through measurements of beta decays from very proton-rich nuclei. Larger spans of excitation energy are al so being studied through use of hadronic analogues of beta decay such as the (p,n), (n,p), and (p, p') reactions. Extensions of such studies to regions outside the sd shell are hindered, except for the p shell (60) , by the difficulties of cal cul ating in a full oscillator shell. Truncations that limit conversions between spin-orbit partners have large effects upon predicted matrix el ement magnitudes (61) .
The ongoing studies of very neutron-rich sd-shell systems (37, 60, 62� 67) confirm the general efficacy of the W-interaction wave functions and the effective, quenched, GT operator, except for the region of nuclei localized around 3lNa and 32Mg, where, as noted, the analysis of energies al ready suggested the disappearance of the N = 20 shell cl osure. New results from the ISOLDE, NSC L, and GANIL facilities will provide important additional tests of these ideas, especially as detail ed decay studies el ucidate the levels and spins of these exotic nuclei.
Since the GT strength is typically centered around an excitation energy corresponding to the spin-orbit splitting, a definitive study of this phenom enon requires examination of regions of excitation energy much higher than are accessible from conventional beta-decay processes. This restric tion can be partially circumvented by studying the decay of very proton rich nuclei that have large Q values (68-71). More generally, the exploi tation of the (p,n) and (p,p') reactions, which at medium bombarding energies and at OU detection angle are cl osely analogous to the GT operator, have provided extremel y illuminating information on nuclear wave func tions and GT strength by eliminating the Q-value constraint completely. Such studies (72) (73) (74) (75) (76) (77) (78) (79) (80) (81) (82) confirm that the sd-shell wave functions generated with the W interactions distribute GT strength correctly up through about 20 MeV of excitation energy and that the quenching of the effective GT operator inferred from low-excitation-energy data remains constant up to high excitation energies.
The 26Mg(p,n) experiment provides an example of the information that can be obtained from analysis of hadronic "GT" data. The distribution of "GT" strength extracted from the reaction data (78) is compared with the distribution cal cul ated from the W wave functions in Figure 8 . Both theory and experiment have been Gaussian averaged over 2 MeV in order to emphasize the gross structure. Onl y the peak around I MeV in excitation lies within the Q-value window of the GT beta decay to 26Al from the anal ogue "target" 26Si. The calculated distribution with the free-nucleon GT strength is larger than experiment at all excitation energies. This same distribution function is in good qualitative agreement with experiment when it is multiplied by (0.77)2 = 0.6. The "missing" GT strength is not to be found, at least up to an excitation energy of about 20 MeV, for the sd-shell nuclei. This reduction factor of 0.6 is consistent with the analysis of GT and (p,n) data in the fp shell (61, (83) (84) (85) . The GT strength extracted from (p,n) experiments on nuclei up to the Pb region is systematically "quenched" rel ative to 3(N-Z) by about this same factor (86) . New (n,p) experiments such as those being performed at TRTUMF (87, 88) will provide valuabl e information on the final-state isospin dependence of the GT strength. As an approximation for heavier nuclei, an occupation-number-dependent GT sum rule was proposed by MacFarlane (219) . We note that this approximation is very poor for the sd shell (220).
Magnetic Dipole Results
The Ml el ectromagnetic excitation and decay of sd-shell states should correspond cl osely to GT beta decay. The M 1 operator incorporates both the spin orbital operators and acts in both the isovector and isoscalar channels, but the coefficient of s is much larger than that of I and that of the isovector channel much larger than that of the isoscalar. Hence, there should be a strong resemblance between the gross features of Ml decay and those of the isovector (s) GT operator, whil e the detailed differences between them should also be informative. Experimental M 1 matrix elements derived from gamma-decay transition data (B. H. Wil denthal, J. Keinonen, unpublished) are compared with predictions of the W interaction in Figure 9 . The matrix el ements are defined such that 
B(MI) = M(M1?/(2Ji+ I). The free-nucleon predicti ons in the left panel
do not appear to require any overall adjustment in order to improve agreement wi th experiment, in contrast to the case for GT beta decay.
However, the scatter of points about the 45° line is reduced si gnificantly when the W wave functi ons are combined instead with the effective oper ator. Hence, there is li ttle net qu enching from the empi ri cal corrections to the MI operator; however, in a more complicated interference between the spin and orbital contributi ons, the correcti ons serve to reduce some theoretical matrix elements an d increase others, generally in the di rections of the experimental values.
Li kewise, the M I matrix el ements deduced from experimental values of magnetic moments (89) are reproduced quite well with the free-nucleon version of the predicti ons, and the effective operator produces even cl oser agreement, as can be seen in the left and right panels of Figure 10 , respec ti vely. Si nce, as we noted, both the GT and the Ml operators are dominated by the isovector spin term, it is su rprising to find that the free-nucleon predictions for the Ml matrix elements are in mu ch closer agreement with experiment than are the free-nucleon GT predictions. To pu rsue the issue fu rther, we note that the isovector and isoscalar components of the MI operator can be isol ated by constructi ng the di ffer ence and su m, respectively, of the matrix elements for mirror moments and transitions (54). The isovector matrix elements of sd-shell moments are shown in Figure 11 , and the isoscalar moments are shown in Figure   12 . In addition to the moments treated in (54), Figures 11 and 12 inclu de the results from the recent measurement of the 33CI magnetic moment (90) .
(We note that only the magneti c moments of the ground states of 2 3Mg and 37 Ar remain to be accurately measured in order to complete the experimental data for sd-shell mirror moments.) In Figure 12 , the isoscalar moments have been converted into the equivalent spin matrix elements, as in (54).
The relationship between the two isovector theories and experiment shown in Figure 11 is as expected from Figure 10 , given the dominance of the isovector component of the total Ml operator. However, the relation ship between the free-nucleon predictions of the isoscalar moments and experiment indicates the need for a significant correction to the free nucleon operator. The deviations cannot be explained simply in terms of an overall reduction factor. This would correspond to the rotated dashed line in the left panel of Figure 12 . Rather, both the spin and the orbital components of the isoscalar operator require corrections. The effective operator derived from isoscalar moments is consistent with the quenching found for isoscalar MI transitions (59, 79). These Ml moment and decay studies can be extended to higher exci tation energy with photon and electron bombardments of stable ground states. Such studies can test the consistency of the shell-model accounting over extended regions of excitation energy (91, 92) . Since the configurations dominating the wave fu nctions change, on the average, with excitation energy, these energy-dependent comparisons are an important adjunct to the mass-dependent comparisons that conventional data provide. In heavier nuclei, experimental Ml matrix elements are usually compared with predictions based on model wave functions that do not yet include configuration mixing between the spin-orbit partners. (This type of configuration mixing is included to all orders in our sd-shell wave functions.) In this case the difference between experiment and theory is usually dominated by the "first-order" configuration-mixing correction (e.g. 93, 94).
FREE-NUCLEON EFFECTIVE
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Empirical versus Th eoretical Corrections fo r Excluded Configurations
Extensive theoretical studies have been made of the corrections to the GT and M 1 operators for sd-shell systems that are needed to compensate for excluded confi gurations and neglected nucleonic and me sonic degrees of freedom. Reviews of these studies by Towner (94) and Arima et al (95) have recently appeared. In Figure 13 we compare our empirical values for the 1> parameters discussed in Section 3.1 extracted from the compari sons discussed in Sections 3. 
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• CM +/).+MEC Se cti on 4) are not present for the simple, radial-inde pendent Ml and GT ope rators. A number of intere sting concl usions can be drawn from these com pari sons. The empirical value of (js(IS) derived from isoscalar moments is qui te large and is in good agreement with both calculations. The calculate d que nching comes mostl y from configuration mixing with a little enh ance ment from MEC. The first-order fl. isob ar contributions vanish in this case because the particle-hole vertex must change isospin by one unit.
The empirical value of b.(GT) is ab out 50% larger in magni tude than the calculated values. Again, the calculated que nching comes mostly from CM. For both bs(IS) and (js(GT) the CM contribution is dominated by the tensor interacti on, and the rati o (js(GT,CM)/J,(IS,CM) � 0.42 is very inse nsitive to de tails of the CM calculation (95) . Thus, wi th CM al one it is difficult to expl ain the additional empirical GT que nching without de stroying the agreement for the isoscalar moments.
The importance of the fl. contribution to Os(GT), however, remains controversial . For example, Oset & Rho (97) obtain Ds(GT,fl.) = -0.15, as compared to -0.038 from Towner & Kh anna and to 0.004 from Arima et al . Such di ffe re nces arise from the as sumptions made ab out short-range correlati ons, exchange terms, and crossing terms. Agreement with our empirical value would be obtaine d wi th (js(GT) � -0.10, a value inte r mediate to the extremes of the predicti ons. We note that the agreement to bs = -0.10 can be improved wi thin the model of Oset & Rho by using a more re cent estimate of the Landau parameter g'l1 (98) . From the above conside ration, we conclude that the am plitude of the "quenching" observed for the Gamow-Teller operator is de rived approximately two thirds from higher-order configuration mixing and one third from fl. admix tures.
The predicted values of (js for the GT and the isovector Ml (IVMI ) operators diffe r only in the MEC component. The CM and fl. corrections each contribute equally to GT and IVMl because the corrections are dominated by the (nonrelativistic) (Jt operator in both cases. On the other hand, the ME C contribution de pends upon the underlying relativistic structure, i.e. axial -vector for GT and vector for Ml . It turns out that the MEC corrections for the GT operator, whi ch arise mainly from the p-n di agram, are sm all relative to the one-pi on-exchange contributi on for the MI operator. The empirical difference (js(IVMl )-bs(GT) � 0. 12 is in fair agreement wi th the MEC cal cul ations. The empirical values of [), are in fair agreement with the predictions. The early ve rs ions of the rel ativistic (J-W model (99) appeare d to give extremel y large corrections to the M 1 orbital operator, as a consequence of the M*/M factor (1 00). In fact, this was one of the early reasons for rejecting such models. For the isoscal ar moments it now appears that there are nuclear-medium corrections, "backfl ow" diagrams, which essentially bring the result closer to the stan dard (nonrelativistic) model, at least for the isoscalar term (1 01-1 05) .
The empirical value for (j/IS) is about twice as large as the calculated CM contribution . The Arima et al predictions incorporating the new cal culations for the MEC somewhat overshoot the empirical val ue. For [)/IVM1 ) the agreement between experimen t and theory seems good in the light of the very large cancellation between the CM and MEC contri butions. There still seems to be room for some "rel ativistic" corrections (lOS) for the IVM 1 orbital g factor.
The [)p com parison in Figure The agreement for GT is good, but the empirical correction for the isovector Ml transitions is nearly twice as large as that calculated. At present th.is di screpancy is not understood.
ELECTRIC QUADRUPOLE MATRIX ELEMENTS
Experimental E2 matrix elements de rived from gamma-decay transition data (B. H. Wildenthal, J. Keinonen, unpublished) are compared with predictions of the W in teraction in Figure 14 . The matrix elements are defined by B(E2) = M(E2)2/(2� + 1). A similar comparison (1 07) for el ec tric quadrupole moment data (89, (108) (109) (110) (111) is shown in Figure 15 . The E2 matrix elements are more complicated than those for the MI an d GT operators because they require specification of the radial wave functions. We have considered many parameterizations for the radial wave fun ctions (1 07, 112, 113) . For simpl icity here we us e the harmonic oscillator form with liw = 45A -1/ 3 _ 25A -2 /3. The left panels of Figures 14 an d 15 show comparisons with predictions based on the use of free-nucleon charges, ep = Ie and en = 0, in the E2 operator. As is evident, the experimental values are un iformly larger than these predictions. The scale factor is about 1.8, as indicated by the dashed line in Figure 14 and the line with an increased slope in Figure 15 . A two- component of th e total E2 matri x element ty pically is sm all rel ative to the experimental erro rs and to the deviation between th e th eo re ti cal and experimental values of the total matrix element. Th e isovector term can be isolated by looking at th e differen ces between transitions in mirror nuclei (113) . In this analysis the effective isovector charge was determined to be quite sensitive to the radi al com ponent of the single-particle wave functions, because many of the strong isovector transitions occur between loosely bound states in th e lower part of th e shell. Th e results ranged from ep + <5ep -ben � l .Oe wi th harmonic oscillator radial wave functions to ep +bep -<5en � 0.65e with the more realisti c Woods-Saxon radial wave functions. Th e use of th e Woods-Saxon wave functions reduces the iso scalar effecti ve ch arge in these analyses to about 1.60e. Th e study of isovector E2 matrix elements can be directed toward the issu e of wh ether specific shell-mo del wave functions co rrectly predict the sign and magnitu de of this term, relative to the isoscalar term. This topic has been pursued wi th gamma-ray decay lifetime measurements (114) (115) (116) , with measu rements of the ratios of n-In-!-inelastic scatteri ng strengths (117) , and wi th comparisons bc tween other hadronic pro bes (118) (119) (120) (121) (122) (123) . The hadronic probes depend upon both th e pro ton an d neutron co m ponen ts of the wave functions (124, 125) . Th e agreement of experimen t with the calculated sd-shell matrix elements for the lowest two 2-!-states is good, with the exception of th e second 2-!-T = 1 multiplet in A = 34 01 4, 12 5, 12 6).
It is well known that th e first-order coupling of the valence states wi th the 2hw gi an t qu adrupole states is the pri mary source for the charge renormalization (e.g. 112, 12 7). On e of the most recent cal cul ations was based on the san Skyrme-type inter action (128) and gave average values of ep + <5ep + <5en = 1.68e an d ep + <5ep -<5en � 0.78e, in good agreement with the ranges for the em pi rical values quoted above.
HIGHER-MULTIPOLE MATRIX ELEMENTS AND ELECTRON SCATTERING FORM FACTORS
Elastic an d inelasti c electron scattering measurements can extend th e infor mation available from M 1 and E2 moment an d gamma-decay data. Th ey yield additional multi polari ti es and a range of momentum-transfer values. For the sd shell, the ph enomena co mprise th e CO, C2, an d C4 10 ngitudinal form factors an d the Ml , E2, M3, E4, and M5 transverse form facto rs . The el astic CO data (and related rms radii data) are used pri marily to parameterize the phenomenological radial potentials (1 '30) . Inelasti c CO transi tions appear to be dominated by non-sd-shell components (131) .
The inelastic longitudinal (e,e') spectra for the sd-shell nuclei are domi nated by the C2 and C4 multipoles. The experimental C2 form factors typically are a factor of three larger at the first maximum than those calculated with the free-nucleon charges. However, the experimental C2 values can be accurately predicted over a range of momentum transfers up to at least 2.5 fm -1 by combining the free-nucleon contribution from the valence orbits with a contribution from excluded configurations. One model for this latter contribution is a Tassie model fo rm fa ctor normalized to reproduce the E2 effective-charge parameters <5ep and <5en discussed in Section 4 (130) .
The experimental C4 fo rm fa ctors are typically a factor of four larger than the free-nucleon calculations. Quantitative agreement in nearly all cases can be obtained by adding a similar correction fo r excluded configurations, in this case normalized to effective charge values of ep+ <5ep + <5en = 2.0e and ep +<5ep -<5en = 1.0e (130, 132) . The level of agreement that can be obtained fo r the shapes and magnitudes of rela tively strong C2 and C4 form factors is illustrated in Figure 16 with the example of 32S( e,e') transitions to the second 2+ and first 4+ states (132) . The individual multipoles are indicated by the crosses (C2) and the dashed line (C4). The predicted form factor for this doublet is dominated by the C4 term and is in excellent agreement with experiment.
It may seem surprising that the effective C4 isoscalar charge (2.0e) is Given these state-independent and mass-independent effective-charge ingredients, the predicted C2 and C4 strength distributions are usually in excellent agreement with experiment up to excitation energies of about 6-8 MeV. As an illustration of this excitation-energy aspect, Figure 17 shows a comparison of the calculated (133; R. Radhi, B. A. Brown, B. H.
Wilden thai, unpublished) and measured (134) 27 Al (e,e') spectra at 90° and Ee = 177 MeV (q � 1.3 fm -1). At this angle the spectrum is dominated by the longitudinal C2 and C4 terms. The states in the experimental spectrum labeled with arrows are known to be positive-parity states. The theoretical spectrum has been plotted with a resolution to match that of the experiment.
Transverse M 1 form fa ctors provide an important extension of the M 1 moment and gamma-decay data discussed in Section 3. (136) . The 19F data are compared in Figure 18 to the predictions of the W interaction combined wi th the free-nucleon operator. These calculations (129, 137) , indi cated by the solid lines of the figure, used harmonic oscillator radial wave functions wi th brrns = 1.83 fm, a value chosen to fit the measured rms charge radius. As always, it is important to consi der correction s for excluded shell model configurati ons and omitted parti cl e currents. The left panel of Figure 18 shows some corrections (P. G. Blunden, private communication, 1986) based on the formulation of Blunden & Castel (139) . The crosses include the effect of first -order (1 p-l h) configuration mi xing (FCM) (whi ch goes to zero at q = 0), the dash-dot line includes the effects of FCM pl us hi gher-order configurati on mi xing (FCM + CM), and fi nally the dashed line includes the effect of FCM pl us CM plus meson ic exchange currents (FCM + CM + A + MEC). The dashed line is compared wi th experiment on the ri ght si de. It is apparent that the FCM correction dominates an d that this correction alone is en ough to explain qualitativel y the double mi ni mum suggested by the data.
Si milar co mparisons are made in Figure 19 ., a '" ... ;...
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q (fm-I) Figure 18 Transverse elastic form factor for 19F (see Section 5) . The solid line shown in both panels is the free-nucleon prediction. The dashed line shown in both panels is the prediction that includes corrections for first-order confi guration mixing (FCM), higher order confi guration mixing (CM), and mesonic-exchange currents, including those involving the Ll isobar. In the right panel, these two predictions are compared with experiment (135 relativel y more important. While the corrections for excl uded con fi gurati ons improve the agreement of theory with experiment, there is still a serious disagreement in this case. Clearly, something is missing in the calculation. The W interaction pre di cts that this state has a large orbital component at small q (141) (142) (143) (144) , and this has been confirmed in a re ce nt (p,p') experiment (142 ) .
The elastic tr ansverse form factor for 27 AI, shown in Figure 20 , (146) . These last few examples are typical of current problems in understanding transverse fo rm factors. Data on the pure E2, M3, E4, and M5 multi polarities, which can be obtained from the transverse electron scattering from J = 0+ targets such as the M3 discussed by MacGregor et al (147) or the E4 we proposed (148) , are especially valuable.
STUDIES IN OTHER MASS REGIONS
In this section we discuss briefly recent shell-modcl rcscarch (since about 1980) that deals with mass regions other than A = 17-39. Some earlier work is reviewed by McGrory & Wildenthal (9). We limit the present discussion principally to studies that are close in spirit to the "large-basis" type of shell-model calculations discussed above fo r the sd shell. The only completely analogous study is, as mentioned, the precursor study of A = 6-15 nuclei with the complete space built from the 0p3/2 and 0PI/2 active orbits (14) . Studies of nuclei in the 20 < N,Z < 40 region with fp-shell configurations provide the next closest approximations to the sd-shell studies. However, this model space is less than ideal at the upper end of this mass range because it omits the Og9/2 orbit, which is an integral component of low-Iying excitations for the heavier systems. Moreover, the dimensions of the states incorporating the full set of basis vectors from the four-orbit space increase very rapidly to very large numbers with increasing numbers of active particles.
As a consequence of these dimension issues, calculations in the complete (N = 48-50 and Z = 38-50) the smaller Og9/ 2 -1 PI/ 2 model space continues to be useful (166) (167) (168) (169) (170) , although there are many known excited states that require additional configurations (165, (171) (172) (173) .
Recent studies of still heavier nuclei are also available. Calculations fo r the Sn isotopes have been reported by Momoki et al (174) and Prade et al (175) . The N = 82 isotones have been considered with a model space based on the Og 7 /2> 1ds/ 2 , ld 3 /2, 2SI/2, and Ohl l/2 proton orbits (176) (177) (178) . Properties at the higher end (Z > 62) of this N = 82 model space are dominated by the simple spectra associated with an isolated Ohll/ 2 orbit (179-183). There is also recent work in the Pb region (184--188) .
For the very light nuclei (A = 3-20) it is now possible to consider model spaces in which many major oscillator shells are active. In these cases "model-independent" interactions are completely impractical because of the very large number of two-body matrix elements involved. As an alter native, such calculations usually are based on some reasonable microscopic or heuristic two-body potential model for the interaction. Another new problem that must be addressed in such many-major-shell calculations is the elimination of the spurious components of the space that arise when the space extends beyond "Ohw" and that correspond to center-of-mass excitation. This elimination is fairly straightforward as long as the basis is complete (189, 190) .
Two recent examples of such studies for very light nuclei are calculations for 4He within a fu ll lOhw basis (191) and for A = 6 within a full 6hw basis (192) (193) and modifi ed versions of it continue to be used with success in this lhw model space (60, (194) (195) (196) (197) (198) (199) (200) (201) (202) . Van Hees & Glaudemans (203) have more recently developed a new interaction based on a comprehensive study of both Ohw and 1liw excitations for many nuclei in the A = 4 -16 mass region. This work has recently been extended to include magnetic moments in the determination of the effective interaction (204) . Similar work is being started for the sd-pf model space for nuclei in the A = 35-39 region (205) (206) (207) (208) (209) . It is technically fe asible to calculate the spectra of nuclei up to about A = 18 in a complete 2liw (s-p-sd-fp) model space. Such calculations for 160 are straightforward (210) , and calculations over the entire A = 4-16 mass region with an adjusted interaction have recently been reported (2 1 1) . However, these confi gurations tend to mix strongly with the Oliw states, and there is a severe problem of the excitation-order convergence (2 10) analogous to the problem for 2 8Si within the sd shell discussed in Section 2. Also, in this case one must consider the Hartree-Fock condition con cerning the mixture of the 2liw 1p-1h component into the closed-shell ground state. A complementary understanding of these cross-shell exci tations can be obtained fr om complete calculations within a small subspace such as Pl/Td5/TS1/2 for the A = 16 region (21 2) and d3/Tf7/2 for the A = 40 region (2 13; see also 214). Calculations of the spectrum of 160 within a complete 4liw model space should be possible in the near fu ture.
PROSPECTS FOR THE FUTURE
The success of the comparisons presented above illustrates the efficacy of the modern multiconfi guration shell-model approach to understanding nuclear phenomena. There may still be room fo r improvement in the sd shell calculations, but it is not clear from what direction it will come. Perhaps some fu rther adjustments of the two-body matrix elements will help. Feedback from the properties of exotic nuclei as well as the elec tromagnetic and beta-decay data should help to tie down some of the poorly determined two-body matrix elements. For other data, such as CO form factors and some of the transverse magnetic fo rm factors, it appears that non-sd-shell contributions must be included at a more explicit level than as effective operators, in ways that are as yet not understood.
The sd-shell results should provide a touchstone for other extended shell-model calculations. The fp shell is the next logical challenge. Although much progress has been made in the fp shell, away from the A = 48 and A = 56 f 7 /2 closed shells most calculations are still carried out at the level equivalent to excitation-order-one in Figure 1 , with only a few at the level of excitation-order-two. At the upper reaches of the fp shell the situation is fu rther complicated by the presence of the "intruder" high-spin orbitals from the next higher major shell. Cross-shell excita tions in light nuclei, and in particular the mixing of 2liw and higher excitations into the low-lying spectra, present another challenge for the fu ture.
The difficulties in defining and constructing model spaces that are both adequate and internally consistent coexist with uncertainties about the optimum effective Hamiltonian operator. In the latter context, a major advance would consist of developing techniques to link information about the effective interaction from one mass range (model space) to another. It would also be an important advance to unify the interactions used for Hartree-Fock calculations of closed-shell nuclei with those used for the valence spectra. One of the most successful and commonly used phenom enological interactions fo r Hartree-Fock calculations is the zero-range density-dependent Skyrme-type interaction. Many of the Skyrme-type parameterizations do not give the correct pairing property when applied to valence spectra, but this problem is corrected with the SGn param eterization (21 5) . Much work remains to be done concerning improve ment and unification of effective interactions in nuclei.
To progress fu rther toward the use of more realistic (larger) orbit spaces, better techniques fo r picking out the important basis states are important, such as those incorporated in the VAMPIRE approach (2 16) or those implicit in a variety of collective models. With the more conventional techniques discussed here, it is important to push maximum dimensions up by about another order of magnitude, to about 50,000 in the J-Tscheme or about 1,000,000 in the m scheme. This may be possible with continued improvements of the methods used in the modern codes such as OXBASH (2 17) or RITSSCHIL (2 1 8) . Alternatively, perhaps completely new methods will be developed, analogous to the breakthroughs by Whitehead et al (15) and French et al (16) . 
